Abstract -The objective of the current study was to separate saturated fatty acids (SFAs) from high free fatty acid crude palm oil fatty acid mixture using the methanol crystallisation method. The development of methanol crystallisation method procedure was based on various parameters. The fatty acid composition was determined by using gas chromatography-flame ionisation detector (GC-FID) as Fatty Acid Methyl Esters. The highest percentage of SFAs was more than 89% with the percentage yield of 48.9% under the optimal conditions of the fatty acids-to-methanol ratio of 1:15 (w/v), the crystallisation temperature of À15°C, and the crystallisation time of 24 hours, respectively. After a double crystallisation, the composition of separated SFAs contains 90% of palmitic acid (C 16:0 ) as a major component and 5.8% of stearic acid (C 18:0 ), respectively. Moreover, almost 4.2% of oleic acid (C 18:1 ) was observed in the saturated solid product. Based on the results, the use of methanol as a crystallisation solvent is recommended because of its high efficiency, low cost, stability, obtainability, and comparative ease of recovery.
Introduction
The animal fat and vegetable oils can be hydrolysed into a mixture of fatty acids. The composition of fatty acids is known for each kind of fat and oil. It consists of less than 50% unsaturated fatty acids in the animal fats (e.g., tallow) (Dogan and Temur, 2013) , while some unsaturated vegetable oils, such as olive oil and sunflower contain more than 50% unsaturated fatty acids (Kostik et al., 2013) . It is essential to separate SFAs from unsaturated fatty acids (USFAs). The principle of separating of saturated and unsaturated fatty acids alkyl esters mixture into two fractions using solvent crystallisation (Strohmeier et al., 2014) .
It has been reported a significant commercial technique for separating the fatty acids by a selective solvent which is called "Emersol Process" (Wanasundara et al., 2005) . It is established on the principles of fractional crystallisation of fatty acids from solvents at low temperatures. The emersol process involves the controlled crystallisation of fatty acids from a methanol to achieve a separation of fatty acids mixture. Fatty acids are accurately dissolved in aqueous 95% methanol. This solution is then passed among a series of pre-coolers and coolers/ crystallizers, which are maintained at temperatures, lower than freezing (< À15°C). The separation of fatty acids by means of fractional crystallisation from solvents is a vital process for preparing pure fatty acids or a partially separated mixture of fatty acids. This process requires the simplest equipment and smallest number of unit operations. Briefly, the process is carried out following these steps: cooling of the oil or fatty acids mixture in a solvent and then, holding for a particular period of time and separating the crystallised fraction by filtration (Wanasundara, 2010) . The solution temperature should be gradually decreased to the crystallisation temperature (1-6 h) and maintained in this state for 4-24 h (Wanasundara et al., 2005) . Kistler et al. (1946) studied the factors necessary to select the solvent of crystallisation for separating fatty acids and finally the selection was 90% methanol because of its low cost, stability, availability, and comparative ease of recovering. All these factors were stated as justification of selection of 90% methanol and proved it more feasible than 85% acetone, 95% ethanol, petroleum ether and propylene dichloride.
Several methods used for the separation of fatty acids have been reported with varied yields, such as adsorption chromatography (Maddikeri et al., 2012) , enzymatic splitting (Kempers et al., 2013) , molecular distillation (Cermak et al., 2012) , low-temperature crystallisation (Brown and Kolb, 1955) , urea complexation (Salimon et al., 2012) , and fractional crystallisation from solvents (Strohmeier et al., 2014) . However, the simplest and most efficient separation for obtaining SFAs concentrates as free fatty acids are fractional crystallisation from solvents. This is a well-known technique used for the purpose of removing monounsaturated and polyunsaturated fatty acids and SFAs such as lauric acid and myristic acid that are involved in the composition of palm fatty acids mixture. Fractional crystallisation of solvents is characterised by its low cost and ability to recycle the solvent. Therefore, in this study, methanol crystallisation of a mixture of fatty acids of high free fatty acid crude palm oil was carried out to obtain concentrated SFAs and high yield. The effects of the FAs-to-methanol ratio (X 1 ), crystallisation temperature (X 2 ) and crystallisation time (X 3 ) were systematically studied and the factor for optimal separation was selected.
Materials and method

Materials
Crude palm oil was provided by Sime Darby Company, Carey Island, and Selangor À Malaysia. Fatty acid methyl esters (standard) were purchased from Sigma-Aldrich Chemical Co. Inc (St. Louis, MO, USA). Methanol and other chemical reagents used in this study were also treated with analytical grade and used without further purification.
Preparation of free fatty acids (FFAs)
In brief, 25 g of high free fatty acid crude palm oil was placed in the flask with 150 mL of hydrolysis solution, which contains ethanolic potassium hydroxide (1.75 M), and ethanol (150 mL: 90% v/v). The hydrolysis reaction was performed in a 250 mL two-neck round-bottom flask at a reaction temperature of 70°C and reaction time 2 h. Afterwards, the hydrolysis was done, and unsaponifiable matters were separated by adding 100 mL of water with 50 mL of hexane to the mixture. The soap containing the aqueous alcohol phase was acidified by adding HCl 6N (∼60 mL) to pH = 1 and recovered of free fatty acids by extraction with a nonpolar solvent as hexane. In addition, about (3 Â 25 mL) of distilled water was used to wash the extracted fatty acids mixture to neutral pH. A separating funnel was also used to remove the resulting lower layer and discarded. Then, the upper organic layer containing FFAs was dried with anhydrous sodium sulphate, and hexane was evaporated under reduced pressure using a vacuum rotary evaporator at 35°C (Salimon et al., 2011) . After that, free fatty acids percentage (%FFAs) was determined.
Determination of % FFAs
The acidity of oil was estimated by AOCS Method Ca 5a-40 (1990) (Prasanth Kumar and Gopala Krishna, 2015) . To perform this, first, 0.5 g of FFAs was placed in a dried conical flask containing 50 mL of isopropanol, which was previously neutralised by an addition of sodium hydroxide (NaOH, 0.02 N). Then, 0.5 mL of 1% phenolphthalein indicator was added to the mixture. The flask was subsequently positioned on a hot plate and heated until the temperature reached 40°C. After that, the mixture was titrated with a sodium hydroxide solution (0.1 N) until a pink colour emerged for at least 30 seconds. The percentage of FFAs was determined using equation (1). 
% FFAs as palmitic acid
where, mL is volume of NaOH solution used; N is normality of NaOH solution; W is weight of sample in grams.
Methanol crystallization
The crystallisation of palm fatty acids mixture (PFAM) was carried out with a proper beaker in a refrigerator provider to control the temperature. The fatty acid mixture was crystallised from aqueous methanol (95%). The fatty acid: methanol ratios were varied from 1:5 (g:mL) À 1:25 (g:mL), while the temperatures of crystallisation were varied from À20°C À 5°C. Crystallisation time was also varied from 4 h to 30 h as shown in Table 1 . We observed that the temperature at which the PFAM were solubilised before crystallisation to be at room temperature (25-35°C) with strong stirring in the case of low concentration. However, the temperature was increased to (55°C) in the case of high concentration of PFAM to make the mixture homogenous and completely dissolved. Then the mixture was allowed to cool progressively to specific temperature and time.
The mixture of liquid and crystals was filtered using the Buchner funnel under reduced pressure. The funnel was precooled to the same crystallisation temperature as the solvent and FFAs. The crystals were washed once on the filter with the proper amount of a pre-cooled methanol to the same crystallisation temperature of the chilled liquid and crystals. The solvent was evaporated from the solid and liquid fractions under reduced pressure. The same process was repeated one time with solid fraction, which means double crystallisation.
Iodine Value
Iodine value (IV) of fatty acids before and after crystallisations was determined by using AOCS (Cd 1d-92, Wijs method) (AOCS, 2004; Japir et al., 2017) . In brief, an appropriate amount of fatty acid sample was first placed into a 500 mL flask with 25 mL of the Wij's solution. Then, 15 mL of cyclohexane (oil solvent) was then added to the oil sample. Following this was storing the mixture in darkness for an hour at ambient temperature, and it was agitated periodically to attain stabilisation. 150 mL of distilled water and 20 mL of potassium iodide solution (KI 10%) were then added to the mixture. The mixture was subsequently titrated against sodium thiosulphate (0.1N Na 2 S 2 O 3 ) until a yellow colour emerged. After that, 1 mL of starch (1%) was added and the titration process was continued till the blue colour dissipated. The same process was replicated with a blank under the same conditions. Iodine value was determined using equation (2) 
where, N is normality of 0.1N Na 2 S 2 O 3 solution; V b is a volume of 0.1N Na 2 S 2 O 3 solution in mL used for titration of blank; V S is a volume of 0.1N Na 2 S 2 O 3 solution in mL used for titration of the sample; 12.69 is used to transfer of milliequivalent of Na 2 S 2 O 3 to gram iodine, relative molecular mass of iodine is 126.9 g.
Preparation of Fatty Acid Methyl Ester (FAME)
Briefly, a reagent is a mixture of 10 mL methanol with 2.5 mL concentrated hydrochloric acid (37%). The reaction was done in a 50 mL two-neck round-bottom flask at 65°C, and it was provided with a standard taper joint (19/38) and short condenser. Then, 2 g of fatty acids and 7.5 mL methanol were added with 1.5 mL of the previous reagent and followed by 1.5 mL of toluene and the mixture was heated at 65°C for 1.5 h. Next, the mixture was transferred to a separatory funnel. After that, 10 mL of hexane and 10 mL of distilled water were added. The mixture was allowed to stand till there were completely two layers. Then, the upper layer was collected and dried overnight over anhydrous sodium sulphate. Finally, 1 mL was injected manually into a GC-FID (Japir et al., 2016a) .
GC-FID analyses
Gas chromatography analyses were performed using gas chromatograph (Model 5890 SERIES II GC, HEWLETT PACKARD, USA) software equipped with a flame ionisation detector (FID) and a BPX-70 fused silica capillary column (30 m, 0.25 mm i.d., 0.25-mm film thickness). The injector was maintained at 280°C. Operating conditions were as follows: helium as the carrier gas was at a flow rate of 1 mL min À1 , injection volume 1 mL and a split ratio of 60:1. The oven temperature was maintained at 120°C and increased to 245°C and hold for 15 min at a rate of 3°C per minute for 56.6 min of analysis. The FAME peaks were classified and quantified by comparing their peak areas and retention times with that of the pure standard FAME (Japir et al., 2016b) .
3 Results and discussion
Recovering FFAs after hydrolysis and FFAs determination
High free fatty acid crude palm oil was hydrolysed to yield of PFAM and glycerol as a side product. The yield of PFAM and its palmitic acid percentage for 3 runs are outlined in Table 2 . The average yield % and %FFAs are 88.5 ± 0.5% and 99.3 ± 1.1%, respectively. A high percentage of FFA of PFAM refers to completely hydrolysed of HFFA-CPO into PFAM. The main product is PFAM with high percentage yield, the remaining percentage of yield refers to glycerol as side product, which could be used in several oleochemical industries.
Variation in fatty acid composition of HFFA-CPO and palm fatty acids mixture
The fatty acid composition of HFF-CPO and PFAM subjected to base and acid catalysed preparation comprise palmitic (44.4%, 42.3%), oleic (39.8%, 42.1%), and linoleic acid (10.0%, 9.9%), stearic (4.4%, 4.3%), myristic (1.1%, 1.0%), lauric (0.3%, 0.2%), linolenic acid (0.0%, 0.2%), respectively, as shown in Table 3 . The fatty acid compositions of HFFA-CPO and PFAM are relatively different because of the fatty acid in HFFA-CPO, which only refers to oil composition. However, fatty acids composition in PFAM represents fatty acids and FFAs composition due to the hydrolysis process.
Separation of saturated fatty acids
The separation of PFAM by crystallisation from methanol basically depends on the solubility differences between the various components of the mixture of fatty acids. Since higher saturated fatty acids are much less soluble than the corresponding unsaturated fatty acids, the advantage has often been taken of this fact to partially separate mixtures as shown in Table 4 . As a fatty acid, long chain saturated fatty acids, such as stearic acid and palmitic acid, are a relatively nonpolar compound. However, short chain saturated fatty acids, such as lauric acid and myristic acid, exhibit more polarity compared to stearic and palmitic acids. Concerning monosaturated fatty acids and polyunsaturated fatty acids, they are characterized to be more polar than saturated fatty acids. The solubility of palm fatty acids mixture in methanol in the order of increased polarity is linolenic acid, linoleic acid, oleic acid, lauric acid, myristic acid, palmitic acid, and stearic acid. Therefore, based on the principle that "like dissolve like", unsaturated fatty acids will be more soluble than saturated fatty acids in methanol. The solubility behaviour of PFAM in methanol at a specified temperature was also explained based on the polarity and hydrogen bonding properties of the mixture components.
As a result, the separation is due to the high solubility of oleic acid, linoleic, and linolenic in methanol. However, SFAs, particularly palmitic acid is poorly soluble in methanol and is thus preferentially crystallised out. The slight increase in stearic acid is due to co-crystallization, given the solubility of other acids in PFAM. Lauric and myristic acids are saturated acids, but their concentrations are very low and their solubilities exceed that of palmitic acid. Consequently, they were soluble in methanol, thus leaving the sample enriched with palmitic acid (Dugan et al., 2017) . In addition, it was suggested that the addition of water 3-5% to solvent, which greatly increases the solubility of USFAs without increasing that of the solubilities of palmitic and stearic acids (Uksila and Lehtinen, 1966) .
The melting point of the FA changes with the number of carbons and the degree of unsaturation, thereby separating of the mixture of fatty acids into saturated and unsaturated fatty acids is probable (Wood et al., 2004) . The solubility of fatty acids increases with the increase in temperature, and it is mainly reflected by their melting points: high melting point fatty acids are less soluble than low melting point fatty acids. For example, in C18 fatty acid series, stearic acid (18:0) melts at 70.1°C, oleic acid (18:1) at 16.3°C, linoleic (18:2) at À6.5°C and linolenic (18:3) at À12.8°C as shown in Table 5 . Consequently, an increase of the unsaturated fatty acid in the mixture usually leads to decreasing the melting point of the mixture while increasing the solubility of unsaturated fatty acid in methanol. In order to improve the purity of palmitic acid in saturated fraction and oleic acid in unsaturated fraction, molecular distillation could be applied to purify SFAs fraction to form 99.9% palmitic acid, and purify USFAs fraction to form 99.9% oleic acid due to higher percentage of these fatty acids in PFAM. Yet, molecular distillation cannot be applied to separate PFAM due to closeness of their boiling points (Japir et al., 2016a) . However, molecular distillation could be applied to purify palmitic acid after separating lauric, myristic, oleic, linoleic and linolenic acids from the mixture using methanol crystallization and to produce palmitic acid 90%. To this end, molecular distillation or preparative high performance liquid chromatography could also be applied to purify palmitic acid and produce 99.9% (Dugan et al., 2017) . In this study, the percentage of palmitic acid that was obtained in the product could be sold commercially because some companies sale palmitic acid with 95%.
The main aim of this current study is to determine the optimal conditions for efficiently separating the total SFAs as well as to obtain high purity palmitic acid (90%) as a major component from PFAM. However, at the cold temperature behaviour, PFAM contained the minimum content of USFAs. As a result, further experiments were performed with solvent crystallisation under different ratios of fatty acids-to-solvent (w/v) as shown in Figure 1 . Optimal crystallisation temperature and crystallisation time were achieved at À15°C, and 24 h, respectively, with fatty acids-to-methanol ratio of 1:15 (g mL À1 ). It can be observed in Figure 1 that there is a relationship between solvent volume, yield, and percentage of SFAs and palmitic acid, wherein the yield of SFAs decreased, and the percentage of SFAs and palmitic acid increased with the increase in the volume of solvent from 1:5 (g mL
. In all cases, increasing the amount of solvent from 1:5 to 1:25 (w/v) led to lower yields and higher purity of SFAs and palmitic acid with a lower content of USFAs. If the concentration of fatty acid in a solvent is too high, then the precipitate tends to form a slimy mass which cannot be handled or washed except in small quantities under laboratory conditions (Muckerheide and Myers, 1947) . In this study, the ratio of fatty acids-to-methanol was varied from 1:5 to 1:25.
The saturated fatty acids started to crystallise with the decrease of the mixture temperature. More crystals were observed when the temperature reached at 5°C, for this reason, we have selected this temperature to be the higher one in the range of crystallisation temperature. The higher temperature 5°C in the case of the 1:15 (g mL À1 ) ratio and 24 h led to a slightly higher yield of precipitate mass, as shown in Figure 2 .
Based on the theoretical concept, it was better to do the crystallisation in progressive cooling, which results in better washing of the filter cake and which is more pure and easy to further process such as washing and drying. However, we do not have the technique in our lab and we strongly suggest achieving it in future studies.
However, the amount of USFAs in the precipitate was slightly higher compared to other experiments. Although the low temperature of À15°C and 1:15 ratio and 24 h led to a higher yield of precipitate mass, the amount of USFAs in the precipitate was lower. Consequently, for further experiments, the selected optimum conditions comprise methanol solvent, temperature ofÀ15°C, solvent ratio of 1:15 and time of 24 h. The next step involves optimisation of the crystallisation time required for fractionation. Figure 3 shows the results of fractionation experiments using 95% methanol at a ratio 1:15 (g: mL) and À15°C with crystallisation times of 4 h, 10 h, 16 h, 24 h, and 30 h. The yields of the precipitates showed a slight difference, although a larger difference is observed for unsaturated fatty acids. After 4 h of crystallisation, the fraction of unsaturated fatty acids in the precipitates remained low because the temperature only reached À15°C at 4 h. After 10 h, the amount of USFAs in the precipitate remained relatively constant with no significant improvement. However, the precipitate at a crystallisation time of 24 h exhibited the highest content of SFAs. Therefore, the crystallisation time of 24 h was selected for further experiments. Moreover, prolonging the crystallisation time (30 h) did not improve the results as shown in Figure 3 . The solution temperature has to be decreased to a specific crystallisation temperature slowly (1-6 h) and needs to be maintained there for 4-24 h (Wanasundara et al., 2005) .
Repeat experiment (Verification test)
A verification test was performed at conditions that include methanol: fatty acids ratio of 15:1 (g:mL), crystallisation temperature of À15°C, and reaction time of 24 hours. The results in Table 6 show that more than 48.7% of SFAs with over 89.3% recovery was obtained from PFAM at the optimised methanol crystallisation conditions.
Saturated fatty acids composition
The fatty acids composition was conducted after transesterification using the GC-FID analysis. The composition of fatty acids before and after crystallisation is also shown in Figure 4 and Table 7 . It is observed that there are highly significant differences between the composition of fatty acids in PFAM, and SFAs in the solid fraction after methanol crystallisation. The composition of fatty acids in PFAM comprises 0.2% of lauric acid (C12:0), 1.0% of myristic acid (C14:0), 42.3% of palmitic acid (C16:0), 4.3% of stearic acid (C18:0), 42.1% of oleic acid (C18:1), 9.9% of linoleic acid (C18:2) and 0.2% of linolenic acid (C18:3). However, the composition of SFAs after first crystallisation at optimum conditions consists of 0.5 % of myristic acid (C14:0), 68.3% of palmitic acid (C16:0), 7.0% of stearic acid (C18:0), 20.2% of oleic acid (C18:1) and 4.0% of linoleic acid (C18:2) as shown in Table 7 . After the second methanol crystallisation, the separated SFAs composition in the solid fraction contains 90% of palmitic acid (C16:0), 5.8% of stearic acid (C18:0), and 4.2% of oleic acid (C18:1). The maximum SFAs purity of 95.8% was achieved. It was shown that stearic acid (C18:0) increased from 4.3% to 5.8%, as shown in Table 7 and Figure 5 . The monounsaturated fatty acids (MUSFA), oleic acid (C18:1), decreased from 42.1% to 4.2%. As observed, there are no peaks for polyunsaturated fatty acids (PUSFAs), linoleic acid (C18:2), linolenic acid (C18:3) as well as SFAs, lauric acid (C12:0) and myristic acid (C14:0). This indicates that methanol crystallisation is an efficient technique for separating SFAs concentrates from PFAM by hydrolyzing the product of high free fatty acid crude palm oil because of differences in the PFAM solubilities.
Iodine value
The iodine value indicates the level of unsaturation in the sample. The iodine value of SFAs after the second crystallisation was 5.7 g /100 g, which is lower than the iodine value of SFAs after first crystallisation and lower than PFAM before crystallisation. It can be seen that iodine value decreased gradually with repeated crystallisation due to the decreased concentration of USFAs in the solid fraction after methanol crystallisation, as shown in Figure 6 . 
Conclusion
Saturated fatty acids were successfully separated using a highly efficient method and the final product consisted of palmitic acid as a major component. The fatty acids-to-methanol ratio (w/ v) had a highly significant influence on the yield and the percentage of SFAs. However, crystallisation temperature and crystallisation time had a significant influence on the yield and the percentage of SFAs. The maximum percentage of SFAs was over 95% when including palmitic acid over 89% as a major component. The ratio of yield was up to 48.9% under the optimal conditions at FAs-to-MeOH of 1:15 (w/v), and the crystallisation temperature was À15°C, while the crystallisation time was 24 h. The components of separated SFAs from high free fatty acid crude palm oil are 90% of palmitic acid (C16:0), 5.8% of stearic acid (C18:0). Only 4.2% of oleic acid (C18:1) was characterised in the product. However, lauric, myristic and linoleic acids were not observed in the final solid product. More details for the kinetic studies and getting high percentage still need to be studied in future using combined molecular distillation and solvent-assisted crystallization. In conclusion, methanol crystallisation is a promising method to obtain high palmitic acid concentrates as a major component in SFAs in a solid fraction from high free fatty acid crude palm oil. It has a potential value of large-scale production of SFAs. In addition, the used methanol (95%) in this study could be recycled to support the principle of green chemistry. This method could be one of the most efficient, cheap and simple methods that could be applied in the separation of fatty acids mixture.
